In this study, we investigated whether galactooligosaccharide (GOS) can be stably and steadily synthesized using immobilized β-galactosidase (β-gal) inclusion body (IB)-containing E. coli cells during long-term repeated-batch operation. To improve the operational stability of this enzyme reactor system, immobilized E. coli cells were crosslinked with glutaraldehyde (GA) after immobilization of the E. coli. When we treated with 2% GA for E. coli crosslinking, GOS production continued to an elapsed time of 576 h, in which seven batch runs were operated consecutively. GOS production ranged from 51.6 to 78.5 g/l (71.2 ± 10.5 g/l, n = 7) during those batch operations. In contrast, when we crosslinked E. coli with 4% GA, GOS production ranged from 31.5 to 64.0 g/l (52.3 ± 10.8, n = 4), and only four consecutive batch runs were operated. Although we did not use an industrial β-gal for GOS production, in which a thermophile is used routinely, this represents the longest operation time for GOS production using E. coli β-gal. Improved stability and durability of the cell immobilization system were achieved using the crosslinking protocol. This strategy could be directly applied to other microbial enzyme reactor systems using cell immobilization to extend the operation time and/or improve the reactor system stability.
Galactooligosaccharide (GOS) is a prebiotic and is synthesized by a β-galactosidase (β-gal)-catalyzed enzymatic reaction with lactose [5, 7, 15] . This reaction, in which galactose moieties are transferred to the hydroxyl group of lactose (so-called reverse hydrolysis), has been conducted using β-gal [3, 16, 25] and immobilized β-gal [14-16, 20, 28, 29, 32] . Additionally, various reactor systems and operational strategies have been developed [2, 6, 14, 23, 28, 32] . Among the GOS production processes, studies on immobilized β-gal have been conducted to develop a more stable and durable system. That is, the immobilized β-gal system is able to operate repeatedly for the long-term.
In our previous study [13] , we successfully synthesized GOS using active Escherichia coli (E. coli) β-gal inclusion bodies (IBs), which were produced by adding an inducer analog (D-fucose) after inducing the araBAD promoter system in E. coli [11] . We found that a trisaccharide was the major constituent in the synthesized GOS mixture. In addition, using this immobilized β-gal IBs-containing E. coli cells, we demonstrated the feasibility of long-term operations of a packed-bed reactor [30] and a repeatedbatch reactor [31] for o-nitrophenyl-β-D-galactoside and lactose hydrolysis.
The present study investigated whether GOS can be stably and steadily synthesized using immobilized β-gal IB-containing E. coli during long-term repeated-batch operation. In particular, we treated the immobilized E. coli with glutaraldehyde (GA) after immobilizing the E. coli to improve the reactor system operational stability. GA treatment has been conducted before or after the cell immobilization procedure to improve the operational stability of immobilized E. coli cells [18, 19, 24, 26] . However, those reports did not demonstrate long-term operation results in a cell or enzyme reactor system. Additionally, repeated GOS synthesis operations using immobilized cells have been reported in several articles to verify the stability and durability of the cell immobilization system [14, 28] . However, no reports are available in which E. coli β-gal was used to produce GOS during long-term operation [1, 7] . Mechanism studies on E. coli β-gal during GOS synthesis have been described in some studies [4, 8, 10, 17] . In this study, GOS synthesis performance and the operational stability of a long-term repeated-batch enzyme reactor, in which immobilized β-gal IB-containing E. coli cells were crosslinked with GA treatment, were investigated and compared with those of previous reports. Recombinant β-Gal-Expressing E. coli We used recombinant E. coli in which β-gal expression was controlled by the araBAD promoter. The β-gal gene was cloned into the pBAD/Myc-His/lacZ vector (7.2 kb) using the pBAD/Myc-His Expression Kit (Invitrogen) [11, 12, 30] . E. coli MC1061 was used as the expression host and induction was carried out by adding L-arabinose.
MATERIALS AND METHODS

Materials
Preparation of β-Gal IB-Containing E. coli cells Fermentor cultures were conducted in a 2.5-L jar fermentor (Applikon Biotechnology, Schiedam, The Netherlands) with a working volume of 1.0 L, under conditions described previously [11, 12, 30] . LArabinose induction was performed at 0.05% after 3 h of culture, in which 0.01% D-fucose was added after 3.5 h. Cells were harvested after 5.5 h. The β-gal assay was conducted using a previously reported method [11, 12, 30] . One enzyme unit was defined as the amount of β-gal that resulted in the release of 1 µmol of o-nitrophenol from o-nitrophenyl β-D-galactoside per milliliter per minute at 37 o C and pH 7.3. Cell growth was assessed by measuring optical density at 600 nm (OD 600 ) using a spectrophotometer.
Preparation of Alginate Beads
An equal volume of 6% sodium alginate and E. coli culture broth, which was harvested at an elapsed time of 5.5 h, was mixed, and the mixture was added drop-wise to a 1% CaCl 2 ·2H 2 O solution using a syringe with a 23-gauge needle. Alginate beads in the 1% CaCl 2 ·2H 2 O solution were fully hardened after 45 min at room temperature. If the GA treatment was needed, the beads were soaked in GA solution (prepared in 50 mM Tris buffer, pH 7.5) and shaken for 5 min at 30 rpm.
Lactose Diffusion into Alginate Beads
After the alginate beads were prepared with sodium alginate solution (6%, 5.0 ml) and E. coli culture broth (5.0 ml), all beads were poured into a 100 ml Erlenmeyer flask. Next, 5.0 ml of 1% lactose was added, and the flask was shaken at 70 rpm at 28 o C or 37 o C in a shaking incubator. After the alginate beads and lactose solution were mixed in the flask, the lactose solution was harvested intermittently, diluted 5-fold, and then analyzed for residual lactose in solution (exclusive of beads) by TLC.
GA Treatment for Crosslinking of E. coli Culture broth (OD 600 = 0.9, 2.5 ml), 50 mM Tris buffer (pH 7.0, 12.5 ml), and GA solution were mixed in a 50 ml conical tube. Then, the changes at OD 600 during 5 min were measured. The crosslinked E. coli cells were also observed using a microscope (CX41RF; Olympus, Tokyo, Japan) after Gram staining. If the E. coli cells were immobilized on the beads, the microscopic observations were conducted after the beads were broken.
Repeated-Batch Immobilized E. coli Cell Reactor
Five milliliters of 6% sodium alginate and 5 ml of E. coli culture broth (OD 600 = 4.2, about 7 U/ml of β-gal) were used to prepare the alginate beads. The beads were washed in distilled water and placed in a 250 ml Erlenmeyer flask. A 40 ml solution of 400 g/l lactose was prepared in 0.1 M Tris buffer (pH 7.5) and was added to the Erlenmeyer flask for GOS synthesis. The GOS synthesis reaction was conducted at 70 rpm and 37 o C in a shaking incubator. Aliquots of 200 µl of reaction solution were collected intermittently for analyses. In the repeated-batch operation, the reaction solution and alginate beads were separated by allowing the beads to settle, and the reaction solution was removed by decanting. Next, 40 ml of new lactose solution was added, and the new batch operation was started. This procedure was carried out repeatedly throughout the entire operation.
TLC GOS synthesis was analyzed via TLC with a 20 × 10 cm Partisil K5F TLC plate, in which a butanol-ethanol solution [butanol: ethanol: distilled water = 5:3:2 (v/v)] was used as the mobile phase. The sample loading volume was 1.0 µl. The TLC plates were soaked in staining solution (2.5 g phosphomolybdic acid, 1.0 g Ce(SO 4 ) 2 ·4H 2 O, and 6 ml H 2 SO 4 in 100 ml of distilled water), and then dried in an oven at 80 o C for 15 min to visualize the GOS bands.
Quantification of GOS Synthesis GOS synthesis was quantified using the approach described by Robyt and Mukerjea [27] , in which glucose, isomaltodextrin, and maltodextrin produced the same level of density on the TLC plate and density was linearly proportional to weight. The amount of GOS was estimated quantitatively using 1% lactose as the standard. The amount of GOS synthesized was estimated as a total amount of GOS, including tri-and tetrasaccharides.
Western Blotting
Ten alginate beads with immobilized β-gal IB-containing E. coli cells were disrupted by pipetting up and down in 3 ml of PBS. The disrupted bead suspension was then microcentrifuged, and the pellet was resuspended in a mixed solution of 5 ml of B-PER II Reagent and 50 µl of DNase I solution (1 mg/ml). The soluble and insoluble fractions were then fractionated according to a method described previously [13, 30, 31] . These fractions were separated by 12.5% SDS-polyacrylamide gel electrophoresis, and the proteins were transferred to nitrocellulose membranes, which were subsequently probed with 1:5,000 rabbit anti-ß-gal and 1:10,000 goat anti-rabbit IgG-HRP conjugate. Immunoreactive bands were visualized using the SuperSignal West Pico Chemiluminescent Substrate followed by exposure on Hyperfilm ECL. Details were described previously [13, 30, 31] .
RESULTS AND DISCUSSION
Lactose Diffusion Kinetics into the Alginate Beads In our previous report [13] , we determined the optimal GOS synthesis conditions using β-gal IB-containing E. coli. However, the optimal temperature was ambiguous at 28 o C and 37 o C, in which the amount of GOS synthesis was almost similar at these two temperatures. Temperatures above and below these two temperatures resulted in decreased GOS synthesis. Therefore, to choose the optimal temperature for long-term operation using immobilized E. coli cells, we conducted a lactose diffusion kinetic experiment into alginate beads prior to the cell immobilization experiment. Because 400 g/l lactose was used for GOS synthesis, it was deduced that the lactose diffusion rate might depend on temperature. As shown in Fig. 1 , the residual lactose concentration decreased more rapidly and the residual amount was relatively lower at 37 o C, when compared with those at 28 o C. These results indicate that lactose diffused more rapidly into the alginate beads at 37 o C, making it possible to effectively operate the longterm repeated-batch operation using immobilized E. coli. Although we previously observed similar amounts of GOS synthesized at 28 o C and 37 o C [13] , those results were obtained from experiments using E. coli alone, not an immobilized cell system. We conducted the experiment using immobilized E. coli, particularly in which E. coli was immobilized in alginate beads (Fig. 1) .
Furthermore, we previously observed that lactose precipitated at 28 o C, but not 37 o C, during GOS synthesis (data not described in previous report) [13] . Finally, it was concluded that 37 o C was the optimal temperature for the immobilized E. coli cell system. Therefore, we used 37 o C as the optimal operation temperature for GOS synthesis in this study.
GA Crosslinking of E. coli Some reports have described that GA crosslinking of E. coli stabilizes the cell immobilization system [18, 19, 24, 26] . In those reports, GA concentrations for crosslinking ranged from 0.05% to 1.0%. In this study, we conducted experiments on measurement of OD 600 after GA treatment for cell crosslinking to choose a suitable GA concentration for E. coli crosslinking ( Fig. 2A) , in which GA concentrations were 0.0%, 0.5%, 1.0%, 2.0%, and 4.0%. This OD 600 measurement is a useful way to monitor cell crosslinking [9] . As shown in Fig. 2 , the OD 600 increased proportionally as GA concentration increased during a 5 min treatment. The increase of OD 600 stopped at 1 min (Fig. 2A) . The Relative lactose concentration was normalized to values measured at time zero. Data were measured three times using the same sample, and means and standard deviations were calculated. Fig. 2 . Optical density (OD 600 ) changes in the Escherichia coli suspension after crosslinking using glutaraldehyde (GA).
(A) GA was treated with 0.0% (•), 0.5% (○), 1.0% (▼ ), 2.0% (▽), and 4.0% ( ■ ). Data were measured three times using the same sample, and means and standard deviations were calculated. Error bars are hidden by the symbols, because the standard deviations were very small. (B) Percent increase in OD 600 when 5 min elapsed after GA treatment. Percent increases were calculated based on OD 600 at time zero.
increase of OD 600 was > 40% in the 2% GA treatment and > 100% in the 4% GA treatment (Fig. 2B) .
We attempted to verify whether the E. coli cells were actually crosslinked when they were immobilized in alginate beads. Therefore, GA crosslinking was conducted after we prepared immobilized E. coli cells on 3% alginate beads. We chose 0%, 2%, and 4% GA as representative concentrations, based on results in Fig. 2 . As shown in Fig. 3 , E. coli aggregates were found when we observed E. coli under a microscope after the alginate beads were broken, particularly in the 2% and 4% GA treatments. In the 2% GA treatment, the crosslinking of E. coli cells had obviously occurred; however, some cell lysis was observed in cells in the 4% GA treatment. Some reports have described that the GA concentration needed for E. coli crosslinking ranges from 0.05% to 1.0% [18, 19, 24, 26] . Our results from Fig. 3 show that 2% GA was more suitable for crosslinking, although we did not conduct crosslinking at 0.5% and 1.0% GA. This difference between our data and some previous reports might be due to crosslinking the immobilized E. coli in alginate beads. However, GA crosslinking was conducted using E. coli cells itself in some studies. Thus, it was considered that, when we crosslinked immobilized E. coli at 2% GA, the actual GA concentration on E. coli cells in the alginate beads might be < 2%, because GA should diffuse into the alginate beads to crosslink with E. coli. Therefore, we chose 2% GA as an optimal GA concentration for the immobilized E. coli in alginate beads and applied this GA concentration to prepare immobilized crosslinked E. coli cells for long-term repeated-batch operations.
Long-Term Repeated-Batch Operation to Synthesize GOS Using Immobilized E. coli In our previous report [13] , GOS production reached a maximum value at 72 h, using β-gal IB-containing E. coli cells that were not immobilized. After 72 h, β-gal began to degrade gradually, and GOS production did not increase until 120 h. To extend the operation time of GOS production using this E. coli β-gal, we attempted to immobilize E. coli using 3% alginate, and then conducted the crosslinking of E. coli using GA after cell immobilization. We conducted the repeated-batch operation to produce GOS using the immobilized β-gal IB-containing E. coli. As shown in Fig. 4A , GOS production reached 31.8 g/l during the first batch operation, but did not increase further. Additionally, the β-gal IBs degraded gradually during operation for 96-336 h (Fig. 5A ). Based on these data, we used 2% or 4% GA for E. coli crosslinking after cell immobilization to conduct the long-term operation. In particular, GA concentrations were selected based on the data shown in Fig. 2 and 3 . As shown in Fig. 4B , GOS production continued to the elapsed time of 576 h, in which seven batch runs could be operated consecutively. GOS production ranged from 51.6 to 78.5 g/l (71.2 ± 10.5 g/l, n = 7) during the batch operations. However, after 576 h (seventh batch run), GOS production decreased abruptly (Fig. 4B) , and E. coli β-gal was degraded (Fig. 5B) . At an elapsed time of 672 h, we did not observe E. coli β-gal in the cell immobilization reactor. However, it was demonstrated that the GOS production enzyme reactor could be operated consistently for 576 h. In contrast, when we crosslinked E. coli cells with 4% GA, GOS production ranged from 31.5 to 64.0 g/l (52.3 ± 10.8 g/l, n = 4), and only four consecutive batch runs were conducted (Fig. 4C) . GOS production decreased greatly after an elapsed time of 432 h; that is, after the fourth batch run. As shown in Fig. 5C , we also did not observe E. coli β-gal at 576 h. It was deduced that E. coli β-gal was degraded gradually after 432 h, and that it disappeared completely after 576 h.
Throughout the experiment shown in Fig. 4 , GA crosslinking after immobilizing the E. coli cells led to a 
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more stable and durable operation of the repeated-batch enzyme reactor system. In particular, when 2% GA crosslinking was used, GOS was produced for 576 h, whereas GOS production was at its lowest when GA was not used, compared with that at 2% or 4% GA, and E. coli β-gal was degraded within a shorter period (Fig. 4A and  5A ). When we used the 4% GA treatment, GOS was not produced consistently during long-term repeated-batch operation; that is, GOS production fluctuated, compared with that when 2% GA was used (Fig. 4C) , suggesting that some cells lysed and the E. coli β-gal was inactivated after the 4% GA treatment (Fig. 3C) .
In Fig. 4B and 4C, the levels of glucose and galactose clearly indicated which molecule was transferred from lactose to GOS; that is, which one of the two monosaccharides (glucose and galactose) was transferred to lactose. During the seven (Fig. 4B ) and four consecutive batch runs (Fig. 4C) , glucose levels were always higher than those of galactose, indicating that galactose was transferred from lactose to GOS. The same result was reported in our previous study, in which we verified that galactose was transferred to lactose during GOS production [13] . As shown in Fig. 6 , the TLC data from the samples used in Fig. 4B were representative TLC data for the long-term repeated-batch enzyme reactor to produce GOS. We made a 10-fold dilution before applying the sample because of high lactose concentration, and then were able to identify GOS production and the glucose and galactose spots.
GOS has been produced using various β-gal sources and reactor systems [1, 7, 28] . In particular, two reports (A), Glutaraldehyde (GA) was not used for crosslinking. (B) and (C), GA was treated at 2.0% and 4.0%, respectively, after immobilization of β-galactosidase (β-gal) inclusion body (IB)-containing E. coli cells in 3% alginate beads. Reverse black triangle (▼), white square ( □ ), and white circle (○) indicate GOS, glucose, and galactose, respectively. Arrowed samples were collected for Western blotting analyses in Fig. 5 . Data were measured three times using a thin-layer chromatography (TLC) image, and means and standard deviations were calculated. The amount of GOS synthesized was estimated as the total amount of GOS, including tri-and tetrasaccharides. Error bars are hidden by the symbols, because the standard deviations were very small. showed that GOS can be synthesized using immobilized Sporobolomyces singularis [28] , Saccharomyces cerevisiae [14] , and Kluyveromyces lactis [14] cells in which the immobilized cells reactors were operated in repeated-batch mode. Sakai et al. [28] and Li et al. [14] repeatedly operated 40 batches during 440 h, and 19 batches during 76 h, respectively. However, in this study, we achieved repeatedbatch operation using immobilized E. coli β-gal for GOS production in elapsed times of 576 h (seven batches) for 2% GA crosslinking, and 432 h (four batches) for 4% GA crosslinking. Unfortunately, limited reports used E. coli β-gal to produce GOS [1, 7, 28] . β-Gal from various microorganisms, except E. coli, has been generally used to produce GOS. In particular, β-gal from thermophiles (optimal temperatures, 40-80 o C) have been used routinely [1] , and these were mainly used for industrial GOS production, because they have higher production rates at high temperatures, which are required to completely dissolve the high concentration of lactose. E. coli β-gal has rarely been studied to produce GOS, except to investigate the mechanism of GOS synthesis [4, 8, 10, 17] . β-Gal has not been used to industrially produce GOS. Until now, GOS production using microbial β-gal has been studied for selecting microbial β-gal and resulted in higher performance by using a higher optimal temperature for GOS synthesis.
We have established protocols for long-term operation of a repeated-batch enzyme reactor using immobilized β-gal-containing E. coli. Interestingly, we may have achieved the longest operation time using E. coli β-gal for GOS production, compared with that of previous studies (Enzyme database-BRENDA, http://www.brenda-enzymes.org). Gosling et al. [7] reported that GOS production and GOS yield from lactose were generally 18.1% to 52.5% and 50% to 93%, respectively, using β-gals from various thermophiles. Sakai et al. [28] showed that GOS production and GOS yield were 242 g/l and 40.4%, respectively. However, in this study, GOS production was 71.2 ± 10.5 g/l (n = 7) for 2% GA crosslinking, and 52.3 ± 10.8 (n = 4) for 4% GA crosslinking. In addition, GOS yields from lactose were 17.8 ± 2.6% (n = 7) for 2% GA crosslinking and 13.1 ± 2.7% (n = 4) for 4% GA crosslinking. These data indicate that long-term repeated-batch operation using immobilized Samples were collected from those described in Fig. 4B , and all samples were diluted 10-fold before TLC analyses. Gc, glucose; Ga, galactose; and Lc, lactose are the standards. Arrows below lactose spots indicate the GOS spots. Panels A and B show the TLC data during the cumulative elapsed times of 0 to 432 h and 432 to 672 h, respectively. The elapsed time of each of the eight batch runs is shown below each TLC image. Numbers below the elapsed times indicate the consecutive run number of the repeated-batch reactor.
E. coli cells was lower than that of previously reported results. However, microbial β-gals from various sources are remarkably different in terms of specific activity, preference for transgalactosylation, and optimal temperature (Enzyme database-BRENDA, http://www.brendaenzymes.org). In addition, the amounts of β-gal used for GOS production have been remarkably different, and various enzyme reactor systems in many studies were also used to produce GOS. Therefore, we cannot directly compare the data from this study with that of other studies. The lower levels of GOS production and yield might be attributed to a relatively lower specific activity of our E. coli β-gal (16.9 U/mg [11, 12] ). An enzyme database (http://www.brenda-enzymes.org) indicated that β-gals from various origins have specific activities of 0.012-2,969 U/mg. Additionally, because our E. coli β-gal was not a thermophilic enzyme, the observed reaction rate must have been lower than that of thermophiles.
Although there are a limited number of reports pertinent to GOS production using E. coli β-gal, and we showed lower GOS production performance compared with those of previous reports using thermophiles, we have used a long-term repeated-batch enzyme reactor system to produce GOS from E. coli β-gal. The 2% GA crosslinking procedure resulted in 576 h of continuous GOS synthesis, and the 4% GA crosslinking procedure resulted in GOS synthesis for 432 h. We observed previously [13] that E. coli β-gal is degraded gradually during GOS production until 120 h; thus, we have extended operation and GOS production using E. coli β-gal.
The average GOS production, average GOS yield, and average GOS productivity are summarized in Table 1 . The GOS production performance throughout the long-term repeated-batch operation was superior with 2% GA crosslinking compared with that when 4% GA crosslinking was conducted. Thus, 2% GA crosslinking is recommended for long-term operation of the immobilized E. coli reactor. We have extended the enzyme reactor operation time and improved the stability and durability of the cell immobilization system. Therefore, this strategy can be applied directly to other microbial enzyme reactor systems using cell immobilization to extend the operation time and/or improve the reactor system stability. 
